The results in our study appear to establish the osteoporosis model and provide evidence of the positive effects of three separate PDE5 inhibitors (vardenafil, udenafil, and tadalafil). The positive effects of these PDE5 inhibitors are investigated and demonstrated by the bone mass density and bone resorption markers. These effects are associated with significant demonstrated antioxidant activities. Osteoporosis is a significant major public health problem especially in more aged populations. Advances in identifying and understanding new potential therapeutic modalities for this disease are significant. This study provides such an advance.
Introduction
Osteoporosis is a major public health problem associated with many factors, and it affects more than 50% of women over 50 years old. 1 Osteoporosis is a disease where an individual's bone mass decreases. It is the most common reason for bone fractures, especially in postmenopausal women. 2 Although there is no effective treatment for osteoporosis, there are some medications such as bisphosphonates, calcitonin, oestrogen or raloxifene that inhibit bone resorption. 3 Bisphosphonates have become the dominant therapy for osteoporosis and are popular in clinical use.
Although these therapeutic agents have exhibited appreciable clinical efficacy in reducing the incidence of fracture, they inhibit only bone resorption and have no effect on bone formation, which makes them not ideal for the treatment of patients with very low bone mass. 4 There is clearly an urgent need for better agents for the treatment of osteoporosis.
One of the potential agents for the treatment of osteoporosis is nitric oxide (NO). 5 Endogenous NO is formed from L-arginine by a reaction catalyzed by the calmodulindependent NO synthase (NOS) enzyme family. NOSs have three isoforms. These isoforms are neuronal NOS (nNOS), inducible NOS (iNOS), and endothelial NOS (eNOS). There are two common pathways that mediated the effects of NO in mammalian cells: one relies on the interaction of NO with soluble guanylyl cyclase (sGC) that increases the level of 3 0 ,5 0 -cyclic guanosine monophosphate/Protein kinase G (cGMP/PKG) and the second one is non-cGMP/PKGmediated. 6, 7 NO has a variety of effects on different biological systems, including the inhibition of platelet aggregation, the prevention of smooth muscle proliferation, the regulation of blood flow and vascular tone and leukocyte adhesion. 8, 9 In addition, NO has beneficial effects on bone tissue. 10, 11 Therefore, NO donor compounds such as nitroglycerine and nitrates, have been used in clinical practice for several decades. 10 However, the beneficial effect of NO may be limited by the induction of oxidative stress. 12 Phosphodiesterase 5 (PDE5) is an enzyme that is part of the PDE class and selectively hydrolyses cGMP. 13 Animal studies have shown that PDE5 is found in various tissues such as corpus cavernosum, visceral smooth muscle and skeletal muscle. 14 PDE5 inhibitors act by blocking the degradative action of cGMP-specific PDE5, causing an increase in intracellular cGMP levels. 15 Sildenafil is the most studied PDE5 inhibitor. We chose tadalafil, vardenafil and udenafil as PDE5 inhibitors because these inhibitors have potentially similar mechanisms of action to that of sildenafil. 16 Sildenafil, vardenafil, tadalafil and udenafil are rapidly absorbed after oral administration but the half-lives of tadalafil (17.5 h) and udenafil (12.1) are longer than those of sildenafil (3.8 h) and vardenafil (3.9 h). 16, 17 These inhibitors are commonly used to treat erectile dysfunction. PDE5 inhibitors are also used to treat pulmonary hypertension, congestive heart failure and diabetic neuropathy. 18, 19 In addition, recent studies have shown that sildenafil has beneficial effects on fracture healing by enhancing bone formation in experimental animal models. [20] [21] [22] This effect may be related to the beneficial effects of PDE5 inhibitors on vasodilatation, 23, 24 angiogenesis 25, 26 and the NO/cGMP/PKG signalling pathway. 27 In previous studies, it has been shown that there is a positive correlation between reactive oxygen species (ROS) and osteoporosis. The decrease in bone mass and osteoporosis may occur by oxidative stress when the ROS production of the osteoclasts' devastates the natural antioxidant defence systems. 28 In previous studies, it has been shown that sildenafil reduces oxidative stress through the restraint of superoxide formation in vitro and decreases the inflammatory response by improving oxygenation in vivo. 29, 30 In our study, our purpose was to investigate the effects of the PDE5 inhibitors vardenafil, udenafil and tadalafil on bone tissue and oxidative stress in rats with osteoporosis via the NO/cGMP/PKG signalling pathway increasing angiogenesis. We measured the bone mass density (BMD) and levels of urine pyridinoline (PYD), deoxypyridinoline (DPD), plasma carboxy terminal propeptide of type I collagen (PICP), and carboxyterminal telopeptide fragments (CTxs) to determine the condition of osteoporosis in rats. We measured the plasma PDE5 and eNOS activities, and we also determined the levels of NO, cGMP, PKG, and asymmetric dimethylarginine (ADMA) to probe the effects of the PDE5 inhibitors on the NO/cGMP/PKG signalling pathway. We also measured the levels of malondialdehyde (MDA), coenzyme Q10 (CoQ10), 8-hydroxy-2-deoxy guanosine (8-OHdG) and deoxyguanosine (dG) to determine the oxidative damage.
Materials and methods

Chemicals
All agents and chemicals were of analytical grade and purchased from commercial suppliers. Thiobarbituric acid, 1,1,3,3-tetraethoxypropan, coenzyme Q10, dG and 8-OHdG were purchased from Sigma (T5500, T9889, C9538, 854999 and H5653, respectively, Sigma Aldrich, USA). Phosphate buffered saline and 10% formalin were purchased from Sigma (P4417 and HT501128, respectively, Sigma Aldrich, US). Osteosoft was purchased from Merck (Merck, HC 313331, made in Germany).
Animals
All animal procedures were approved by the Ethical Committee for Animal Experiments of the Yuzuncu Yil University Medical Research Centre, Van, Turkey (28 November 2013 and 2013/13 decree no). In this study, we used 50 adult female albino Wistar rats, weighing 250-300 g and born in the same week (eight months old) taken from the Yuzuncu Yil University, Experimental Animal Laboratory. These animals had never been used for breeding. The animals were randomly assigned to a sham group, the ovariectomized (OVEX) group, the OVEX þ vardenafil group, the OVEX þ tadalafil group and the OVEX þ udenafil group. Each group and cage included 10 rats. Five cages in total were kept on a 12 h light-dark cycle with controlled temperature/humidity
Ovariectomy surgery and drug administration
During the adaptation period, the rats were fed standard commercial rat pellets (purchased from Bayramog lu Yem, Erzurum, Turkey.). Six months before the start of the surgical procedure, the rats in the sham group underwent a laparotomy only, and the rats in the other four groups underwent total abdominal hysterectomy and bilateral ovariectomy. The rats were anesthetized with 20 mg/kg ketamine (Ketazol Õ , 10%/10 mL ampoules Richter Pharma, Wels, Austria) in the surgical procedure, which was injected intraperitoneally, and then a total abdominal hysterectomy and bilateral ovariectomy were performed.
After six months, vardenafil (Levitra Õ 10 mg tablet was obtained from Bayer, Istanbul, Turkey.), tadalafil (Longis Õ , 10 mg tablet was purchased from Santa Pharma, Istanbul, Turkey.) and udenafil (Zydena Õ , 100 mg tablet was purchased from Abdi Ibrahim, Istanbul, Turkey.) were administered to the rats in the vardenafil þ OVEX, tadalafil þ OVEX and udenafil þ OVEX groups for two months, respectively (at a dose of 10 mg/kg per day for each of the inhibitors). 21 The sham and OVEX positive control groups were given a standard diet.
Samples
Urine samples (24 h) were collected from rats using metabolic cages (Kobay DH, Turkey). At the end of the eight month trial, intracardiac blood samples were taken from the rats under deep anaesthesia (5 mg xylazine þ 100 mg ketamine). After the blood samples were taken, the animals were sacrificed. The blood samples for each rat were divided into two tubes with anticoagulant (ETDA). The first tubes were centrifuged at 4 C and 3000 r/min for 10 min (plasma samples). The plasma and whole blood samples were stored at À80 C until the study day.
Radiologic, immunohistochemical and histopathological examination
The BMD levels were determined using a dual-energy X-ray absorptiometry (DXA) instrument (Hologic Õ QDR-Discovery C Hologic Õ , Inc., Waltham, MA). Since the ex vivo bone scan needs to remove the bone tissue, the studies were performed on live intact rats. The whole body of each animal was scanned under anaesthesia before and six months after the ovariectomy as well as after the two months of drug administration.
In the histopathological examination, the trabecular bone of the femoral head tissue samples was fixed in 10% formalin, and the bone tissue was decalcified by osteosoft for 4-5 days, processed routinely, and embedded in paraffin. Then, thin sections were stained with hematoxylin and eosin for histopathologic examination. Immunohistochemical staining (IHC) was performed according to Shi et al. 31 After the deparaffinization process, antigen retrieval (pH ¼ 6.0) was applied to tissues in the microwave for 15 min. Then, to prevent endogenous peroxidase activity, sections were incubated for 10 min with a 3% H 2 O 2 solution. The sections that were washed with phosphate-buffered saline (PBS) were incubated with the antibody CD31 (PA5-16301; Thermo Scientific, USA) for 1 h at room temperature. The sections that were washed again with PBS were stained with an Expose mouse and rabbit specific anti-polyvalent HRP detection IHC kit (CAT# TP-060-HL, Thermo Scientific, USA) as recommended by the manufacturer. Amino-ethyl carbazole (AEC) was used as a chromogen. After counterstaining with Mayer's hematoxylin, waterinsoluble glue was applied on the sections treated with water and examined using a light microscope (Leica DM1000).
Biochemical assays
The levels of urine DPD, PYD, plasma CTx, PICP, cGMP, ADMA, eNOS, PKG and PDE5 were measured using their respective commercially available ELISA (enzyme linked immunosorbent assay) kits (MyBioSource, Inc., San Diego, CA, USA). The NO levels were measured using a commercially available colorimetric assay kit (MyBioSource, Inc.). The NO and ADMA levels were expressed in mmol/L and the levels of PKG, eNOS, PDE5 CTx and PICP were expressed in ng/mL. The levels of urine PYD and DPD were expressed in nmol/mL.
The plasma MDA levels were analyzed by high-performance liquid chromatography (HPLC), as described previously. 32 The MDA-thiobarbituric acid (TBA) colored complex was detected fluorometrically at an excitation wavelength of 527 nm and an emission wavelength of 551 nm. We used an Agilent 1200 series HPLC system with an autosampler, a gradient pump, a column frame, a fluorescence detector (FLD) (Agilent Technologies, Waldbronn, Germany) and a RP-C18 analytical column (150x4.6 mm, 5 mm particle size, ACE, Aberdeen Scotland). The peak of the MDA-TBA complex was calibrated using a 1,1,3,3-tetraethoxypropane standard solution, and the results were expressed as mM.
The analysis of the levels of oxidized and reduced CoQ10 (CoQ10H) were measured as described previously. 33 We used an Agilent 1200 Series HPLC-ECD system with an autosampler, a gradient pump, a column frame and an electrochemical detector (ECD) (Waters, Inc., 2465 ECD, Milford, Massachusetts, USA). An octadecylsulfonate RP-Supercosil LC 18 (15 Â 0.46 cm, 3 mm i.d.) analytical column (Waters, Inc.) was also used. The oxidized and total CoQ10 levels were detected using ECD at 0.35 V. CoQ10 was measured by comparing the peaks obtained from samples and the related peaks of the standard. The levels of oxidized and reduced CoQ10 were expressed in mM.
To determine 8-OHdG and dG levels, we first isolated leukocyte DNA from whole blood using a commercially available genomic DNA kit (Invitrogen, CA, USA). The DNA samples were hydrolyzed using formic acid (60%, v/v) in heat-resistant sterile tubes for 60 min at 150 C. 34 The levels of 8-OHdG and dG were measured by a HPLC-ECD system and a variable wavelength detector (HPLC-UV) system, respectively, as described previously. 35, 36 Before measurements by HPLC, the hydrolyzed DNA samples were dissolved in the HPLC eluent (final volume: 1 mL). Twenty microliters of the final lysate were analyzed by a HPLC-ECD. A RP-C18 (RP-C18) analytical column (250 mm Â 4.6 mm Â 4.0 mm, Phenomenex, CA, USA) was used. The mobile phase contained 0.05 M potassium phosphate buffer at a pH of 5.5 and acetonitrile (97: 3, v/v), and the flow rate was 1 mL/min. The 8-OHdG and dG concentrations were determined based on the electrochemical reading (600 mV) and the absorbance at 245 nm, respectively. The levels of dG and 8-OHdG were quantified using standards of dG and 8-OHdG purchased from Sigma; the level of 8-OHdG is expressed as 8-OHdG molecules per 10 6 dG. 
Statistical analysis
All data are given as a mean AE standard deviation (SD). We used the Kolmogorov-Smirnov test and equal variance F-test to investigate whether a normal distribution of data occurred. Since our data showed a normal distribution, the differences between groups were analyzed using the one-way ANOVA test. The Statistical Package for the Social Sciences (SPSS) 19.0 software Statistics was used for the statistical analyses. A P < 0.05 was considered as statistically significant.
Results
Biochemical results
We summarized the animal's weights and the measured biochemical variables in Tables 1 and 2 . There were no significant differences between the weights of rats in groups before the ovariectomy. Six months after the ovariectomy, the weights of rats in the sham group were significant higher than those in the OVEX, OVEX þ vardenafil, OVEX þ tadalafil, and OVEX þ udenafil groups. Two months after drug administration, the weights of rats in the OVEX group were significantly lower than those in the sham, OVEX þ vardenafil, OVEX þ tadalafil, and OVEX þ udenafil groups. The highest weights of rats were detected in the sham group. The urinary DPD level, a marker of bone resorption, in the OVEX rats was significantly higher than those in the sham, OVEX þ vardenafil, OVEX þ tadalafil, and OVEX þ udenafil groups (P < 0.05, P < 0.005, P < 0.001 and P < 0.001, respectively) ( Table 2 ). The urinary PYD levels, another bone resorption marker, in the OVEX þ vardenafil, OVEX þ tadalafil, and OVEX þ udenafil groups were significantly decreased compared to those in the sham group (P < 0.05, P < 0.01, and P < 0.01, respectively) and the OVEX group (P < 0.001, P < 0.001, and P < 0.001, respectively) ( Table 2) . The plasma CTx level in the OVEX þ tadalafil group was significantly lower than that of the OVEX group (P ¼ 0.041). The CTx level in the OVEX group was higher than those of the sham, OVEX þ vardenafil, and OVEX þ udenafil groups, but the differences were not statistically significant (P > 0.05) ( Table 2 ). When we examined bone formation by determining the level of PICP, the plasma PICP levels were significantly increased in the OVEX þ vardenafil, OVEX þ tadalafil, and OVEX þ udenafil groups (P < 0.001). In addition, the PICP level in the sham group was significantly higher in than the OVEX group (P < 0.001) ( Table 2 ).
The PDE5 levels were decreased in the OVEX þ vardenafil, OVEX þ tadalafil and OVEX þ udenafil groups. There was no difference between the sham and OVEX groups in terms of their PDE5 levels. We investigated the parameters of the NO/cGMP/PKG signalling pathway. The NO level in the sham group was significantly lower than for the OVEX, OVEX þ vardenafil, OVEX þ udenafil, and OVEX þ tadalafil groups (P < 0.001). The highest NO level was found in the OVEX þ udenafil group. The cGMP levels in the groups treated with the PDE5 inhibitors were significantly higher than that of the OVEX group (P < 0.001). The lowest cGMP level was detected in the sham group, and this difference was statistically significant (P < 0.001) ( Table 2 ). We found the same results for the PKG levels. The lowest PKG level was detected in the sham group (P < 0.001). The PKG levels in the OVEX þ vardenafil, OVEX þ udenafil and OVEX þ tadalafil groups were significantly higher than in the OVEX group (P < 0.001) ( Table 2 ). The eNOS level in the sham group was lower than those of the OVEX, OVEX þ vardenafil, OVEX þ udenafil and OVEX þ tadalafil groups (P < 0.001). The highest eNOS level was found in the OVEX þ udenafil group. The level of ADMA, which is a physiologic eNOS inhibitor, in the sham group was significantly higher than those of the OVEX, OVEX þ vardenafil, OVEX þ udenafil, and OVEX þ tadalafil groups (P < 0.001). The lowest ADMA level was found in OVEX þ udenafil group.
In this study, we also demonstrated the status of the oxidative damage. The plasma MDA level in the OVEX group was significantly higher than those of the sham, OVEX, OVEX þ vardenafil, OVEX þ udenafil and OVEX þ tadalafil groups (P < 0.001). The 8-OHdG/10 6 dG ratio in the sham group was significantly lower than for the OVEX group (P < 0.05). A higher 8-OHdG/10 6 dG ratio was detected in the OVEX group, and these values were statistically significantly higher than for the OVEX þ vardenafil, OVEX þ udenafil and OVEX þ tadalafil groups (P < 0.001). The CoQ10 level in the OVEX group was significantly higher than those of the sham, OVEX þ vardenafil, OVEX þ udenafil, and OVEX þ tadalafil groups (P < 0.001).
Results of the BMD, immunohistochemical, and histopathologic investigation
Before the ovariectomy procedures, there were no significant differences in BMD values between groups (sham group: 0.198 AE 0.009, OVEX group: 0.201 AE 0.05, OVEX þ vardenafil group: 0.200 AE 0.05, OVEX þ tadalafil group: 0.200 AE 0.07 and OVEX þ udenafil group: 0.199 AE 0.007). Six months after the ovariectomy procedures, the BMD value in the sham group (0.209 AE 0.01) was significantly higher than those of the OVEX, OVEX þ vardenafil, OVEX þ tadalafil and OVEX þ udenafil groups (0.183 AE 0.02, 0.186 AE 0.06, 0.184 AE 0.01 and 0.182 AE 0.01, respectively, P < 0.05). The BMD values after the treatment were significantly increased in the OVEX þ vardenafil, OVEX þ tadalafil, and OVEX þ udenafil groups (0.208 AE 0.04, 0.206 AE 0.02 and 0.207 AE 0.02, respectively, P < 0.05) ( Figure 4) .
In our histopathologic examination, we detected normal histopathological architecture of the right femur in the sham group (Figures 1(a) and 2(a) ). In addition, in this group, normal vascular structure was found (Figure 3(a) ). In the OVEX group, atrophy in the epiphyseal bone and a degenerative cartilage layer were detected and the trabecular bone was determined to be insufficient and thin (Figures 1(b) and 2(b) ). A slightly amount of angiogenesis was identified in this group (Figure 3(b) ). In the OVEX þ vadanefil group, there was no pathological condition found in the trabecular bone. In addition, images of the trabecular bone density and epiphyseal bone volume were very similar to those of the sham group (Figures 1(c) and 2(c)). There was significantly increased angiogenesis in the OVEX þ vardenafil group (Figure 3(c) ). In the OVEX þ tadalafil group, the histopathological results were almost the same as for the OVEX þ vardenafil group (Figures 1(d) , 2(d) and 3(d)). In the OVEX þ udenafil group, there was slight epiphyseal bone atrophy and thinning of the trabecular bone, but there was increased angiogenesis (Figures 1(e) , 2(e), and 3(e)). The trabecular bone density, epiphyseal bone plate and angiogenesis scores are shown in Table 3 .
Discussion
Osteoporosis is the most common human metabolic bone disease. 10 Yet, there is no effective cure for osteoporosis. During the past two decades, novel therapeutic agents have emerged for the treatment of osteoporosis.
One of the potential agents is NO. 5 There are many studies that demonstrate the beneficial effects of NO on bones. 11 The importance of NO for the skeleton is revealed by the use of NO donors such as nitrates and nitroglycerin. 11, 37 However, NO is also very reactive and can act like a free radical that leads to oxidative stress. This may be a limitation of the use of NO donors to treat osteoporosis. cGMP is a cyclic nucleotide derived from guanosine triphosphate, and it acts as a secondary messenger. Its likely mechanism of the action is activation of intracellular PKG. In some studies, authors have reported that cGMP did not mediate the effects of NO on bone cells, 38 but overwhelming evidence suggests otherwise. 11, 39 NO also has a proangiogenic effect via the cGMP/PKG signalling pathway. 40 One of the positive effects of NO on bone may be an increase in angiogenesis because angiogenesis, which is the formation of new blood vesicles, is directly related to bone formation and healing. In the current study, our purpose was to investigate the beneficial effects of NO on bone via the cGMP/PKG signalling pathway by inhibiting PDE5 and determine the level of angiogenesis under this condition. This is the first research in the literature that examines the effects of vardenafil, udenafil, and tadalafil on the NO/ cGMP/PKG signalling pathway and angiogenesis in osteoporosis and their relationship with oxidative damage.
In research on postmenopausal osteoporosis, the ovariectomized rat model is most commonly used. 41 Thus, we choose this surgical procedure. First, we determined whole body BMD because the measurement of the BMD by DXA is the clinical basis for the diagnosis of osteoporosis. 42 We measured the BMD levels in the rats before the ovariectomy procedures and did not find significant differences among the groups. Six months after the ovariectomy procedures, there was no markedly change in the sham group, but the BMD levels were reduced by 10-15% in the ovariectomized rats ( Table 2 ). We determined the levels of urinary DPD, urinary PYD, and plasma CTx, which are bone resorption biomarkers, as well as plasma PICP level, which is a bone formation biomarker. 43 The urinary PYD and DPD levels in the OVEX group were higher than those of the sham group. The plasma CTx level in the OVEX group was also significantly higher than that of the sham group. The plasma PICP level in the OVEX group was markedly lower than that of the sham group. Studies in the literature have found similar findings as our study. [44] [45] [46] Additionally, in our histopathological investigation, it was revealed that the OVEX group had greater epiphyseal bone atrophy and a degenerative cartilage layer than the sham group (Figures 1 and 2) . These data confirmed the established ovariectomy-induced osteoporosis model.
In the present study, we administered vardenafil, udenafil, and tadalafil to rats with osteoporosis for two months. After the administration of the inhibitors, we measured the levels of NO, cGMP, ADMA, eNOS, PKG, and PDE5. The PDE5 levels in the OVEX þ vardenafil, OVEX þ udenafil, and OVEX þ tadalafil groups were significantly lower than in both the sham and OVEX groups. These data were very important for us because some studies have reported that PDE5 inhibitors did not reduce PDE5 activity. De Young et al. 47 reported that the PDE5 level in the sildenafil group was higher than those of the control and vitamin E groups. This result may be associated with negative feedback inhibition. In our study, PDE5 was successfully inhibited by the inhibitors.
In the post-menopausal period and during ovariectomyinduced osteoporosis, low oestrogen production causes an increased rate of bone resorption with bone loss particularly in the trabecular bone compartment. 48 Oestrogen increases NO production by stimulating eNOS activity via the nongenomic action of the oestrogen receptors. 49 In many studies, scientists have reported that NO mediates some of the effects of oestrogen on bone tissue. 10, 11, 39 Armour et al. 50 Figure 4 The BMD values before and after an ovariectomy and after the treatments in all groups (MeanAESD) reported that eNOS-deficient mice have exaggerated bone loss after an ovariectomy. In addition, some authors have reported that NO levels increase during osteoporosis. Higashino et al. 51 reported that the NO levels in individuals with various diseases such as diabetes mellitus and osteoporosis are higher than the NO levels of healthy control subjects. In our study, our findings were similar to these studies. The NO level in the OVEX group was higher than in the sham group. The elevated NO level was most likely associated with the physiological response. In addition, the NO levels in the OVEX þ vardenafil, OVEX þ udenafil, and OVEX þ tadalafil groups were significantly higher than the NO levels in both the sham and OVEX groups. These results show that the PDE5 inhibitors contributed to the increase the NO concentration as part of the physiological response. The eNOS level in the OVEX group was also significantly higher than in the sham group. We determined that the eNOS levels in the OVEX þ vardenafil, OVEX þ tadalafil and OVEX þ udenafil groups were significantly increased. Musicki et al. 52 reported that sildenafil increased phosphorylation on Ser-1177, leading to the promotion of eNOS activity. Vardenafil, udenafil, and tadalafil probably have the same effect and increased eNOS activity in PDE5 inhibitor-treated rats. In our study, the cGMP and PKG levels in the treated groups were significantly higher than those of the sham group. In the OVEX þ vardenafil, OVEX þ udenafil, and OVEX þ tadalafil groups, the cGMP and PKG levels were increased. These results were expected because many studies have demonstrated that PDE5 inhibitors increased the levels of cGMP and PKG. 53 ADMA is an endogenous inhibitor of eNOS and some authors have proposed that ADMA negatively affects osteoblast differentiation. 54, 55 Gulhan et al. 56 reported that there was not a significant difference between the ADMA levels in postmenopausal women with osteoporosis and postmenopausal women with non-osteoporosis. However, this study did not include a healthy control group. In our study, we determined that the ADMA level in the sham group was significantly higher than those of the OVEX, OVEX þ vardenafil, OVEX þ tadalafil, and OVEX þ udenafil groups. In addition, the ADMA level in the OVEX group was significantly higher than those of the OVEX þ vardenafil, OVEX þ tadalafil, and OVEX þ udenafil groups. The lowest ADMA level was found in the OVEX þ udenafil group. This interesting data may explain why the eNOS levels were increased in the OVEX, OVEX þ vardenafil, OVEX þ tadalafil and OVEX þ udenafil groups.
These changes in the NO/cGMP/PKG signalling pathway may be useful to bone tissue. Rangaswami et al. 57 reported that mechanical stimulation induces osteoblast proliferation via the NO/cGMP/PKG signalling pathway. A study by Mancini et al. 58 showed that cGMP-elevating agents may promote osteoblast differentiation. Histing et al. 20 showed that sildenafil accelerates fracture healing, and the accelerated bone healing, including faster bone bridging in sildenefil-treated animals, may be caused by cysteine-rich 61. Kilic et al. 22 showed that sildenafil citrate does not have a significant effect in the inflammatory phase, whereas it significantly accelerates bone healing in the repair phase. They also reported that this positive effect may be related to the beneficial effects of PDE5 inhibitors on vasodilatation and angiogenesis. In contrast to these studies, Gong et al. 59 showed that inhibition of PDE5 decreases bone mass by inhibition of canonical Wnt signalling. Gong et al. have evaluated the effects of high doses of tadalafil (45 and 75 mg/kg daily) on osteoblastogenesis and the Wnt/b-cat signal in wild-type adult (two months) C57BL/6 mice and two-month-old SFRP1 À / À knockout mice in vivo and reported that tadalafil significantly reduced the cancellous bone mass but not the cortical bone mass. In addition, Gont et al. have shown that tadalafil and vardenafil induce cGMP-dependent PKG2 and thereby reduce osteoblastic differentiation in 293T and C3H10T1/2 cell cultures in vitro. These results have shown that the use of high doses of PDE5 inhibitors may cause a decrease in bone mass.
Our study had similar findings with previous studies. [20] [21] [22] 57, 58 The BMD levels in the OVEX þ vardenafil, OVEX þ udenafil, and OVEX þ tadalafil groups were significantly higher after treatment than before treatment. This increase was approximately 10-11% for the treatment groups. When we examined the bone turnover parameters, we detected the positive effects of these inhibitors. The urinary DPD and PYD levels in the OVEX group were significantly higher than for the OVEX þ vardenafil, OVEX þ udenafil, and OVEX þ tadalafil groups. The lowest PYD level was found in the OVEX þ udenafil group. The plasma CTx level in the OVEX group was significantly higher than those of the OVEX þ vardenafil, OVEX þ udenafil, and OVEX þ tadalafil groups. The lowest CTx level was found in the in OVEX þ tadalafil group. The plasma PICP level in the OVEX group was significantly lower than those of the OVEX þ vardenafil, OVEX þ udenafil, and OVEX þ tadalafil groups. The highest PICP level was found in the OVEX þ udenafil group. In our histological investigation, we determined that the trabecular bone architecture and the epiphyseal bone volume in the OVEX þ tadalafil group were very close to those of the sham group. Although we saw slight epiphyseal bone atrophy and thinning of the trabecular bone in the OVEX þ udenafil group, the general bone architecture was better than for the OVEX group. In the OVEX þ vardenafil group, we obtained similar histological results as for the OVEX þ tadalafil group. We found that angiogenesis increased in all inhibitor-treated groups. The angiogenic effects of these inhibitors are very important because angiogenesis is essential for nutrition and the removal of metabolic waste in defective or normal tissue.
We also determined the oxidative damage status of each group. We measured the MDA and CoQ10 levels as well as the leukocyte 8-OHdG/10 6 dG ratio to investigate oxidative damage. MDA levels are widely used to assess lipid peroxidation. 60 The leukocyte 8-OHdG/10 6 dG ratio serves as a sensitive biomarker of oxidative DNA damage. 61 CoQ10 is an electron transporter in the electron transport chain (ETC). The main task of CoQ10 is to transport electrons between nicotinamide dinucleotide and succinate dehydrogenase in the ETC. CoQ10H (reduced form of CoQ10) has an antioxidant effect. 62 Due to the antioxidant effect of CoQ10H, the CoQ10/CoQ10H ratio can be considered a marker to determine oxidative damage. 63 There is a very close relationship between osteoporosis and oxidative stress. ROS have been related to bone loss, but the mechanisms and key players involved are uncertain. In recent years, some studies showing the relationship between osteoporosis and NADPH oxidase 4 (NOX4) have been performed. 64, 65 The NOX4 is a constitutively active enzymatic source of ROS. Wilson 64 reported that the inhibition of NOX4 holds potential to attenuate bone loss in osteoporosis. Goettsch et al. 65 reported that in vivo blockage of NOX4 activation prevented bone loss in mice, and increased bone density was detected in NOX4-knockout mice. These studies have shown that the inhibition of some enzymes such as NOX4 that are ROS sources or some molecules that have antioxidant effects, may have beneficial effects in preventing bone loss. Some studies have been performed that indicate that PDE5 inhibitors have beneficial effects on oxidative stress. Al-Amin et al. 66 reported that tadalafil decreased the levels of MDA and NO in young and old rats. Fan et al. 67 reported that vardenafil treatment did not change the MDA level but increased superoxide dismutase (SOD) activity in patients with pulmonary arterial hypertension. Ozgur et al. 68 reported that udenafil decreased the MDA level in ischemia-reperfusion injury caused by rat testicular torsion/detorsion. Savas¸et al. 69 reported that tadalafil decreased the total oxidant status (TOS) and increased the total antioxidant status (TAS) in men with erectile dysfunction. In the present study, we determined the MDA levels in our groups, and our results were similar to previous studies. The MDA levels in the OVEX þ tadalafil, OVEX þ udenafil, and OVEX þ vardenafil groups were significantly lower than in the OVEX group. There were no statistically significant differences between the sham and inhibitor-administered groups. The 8-OHdG/10 6 dG and CoQ10/CoQ10H ratios in the OVEX þ tadalafil, OVEX þ udenafil, and OVEX þ vardenafil groups were significantly lower than those of the OVEX group. The 8-OHdG/10 6 dG ratio in the sham group was significantly lower than those of the inhibitoradministered groups. These data showed that vardenafil, tadalafil, and udenafil may have an antioxidant effect in rats with ovariectomy-induced osteoporosis. However, further studies are needed that demonstrate the relationship between PDE5 inhibitors and cytokines such as RANKL and interleucin-6, ROS production, and NOX4 activity.
The results of this study indicate that vardenafil, tadalafil, and udenafil have a positive effect on BMD in ovariectomy-induced osteoporosis and have an antioxidant effect. The NO/cGMP/PKG signalling pathway may mediate this positive effect. In addition, these inhibitors increase angiogenesis. As a result, PDE5 inhibition may be useful for bone remodeling and the treatment of osteoporosis. Future studies are needed that evaluate osteoblast apoptosis factors such as Bax, Bcl2, caspase 3 and 9, Dkk-1, and teriparatide; bone morphogenic proteins 2 and, 4; and Wnt/b-catenin signalling pathways, which affect the BMD. However, their doses should be adjusted correctly.
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